Offshore wind turbines are currently considered as a reliable source of renewable energy in the UK. These structures, owing to their slender nature, are dynamically sensitive at low frequencies, the first modal frequency of the system (less than 1 Hz) being very close to that of the excitation frequencies. The majority of operational offshore wind turbines situated in UK waters are founded on monopiles in water depths up to 30 m. For future development rounds where water depths are up to 70 m, alternative foundation arrangements are needed. To date there have been no long-term observations of the performance of these relatively novel structures. Monitoring of a limited number of offshore wind turbines has indicated a departure of the system dynamics from the design requirements. This paper summarises the results from a series of 1:100 scale tests of a V120 Vestas turbine supported on two types of foundation: monopiles and tetrapod suction caissons. The test bed used consisted of kaolin clay and sand. Up to 1 . 25 million loading cycles were applied to the scaled model, and the dynamic properties of the system were monitored. The results provide an insight into the long-term performance. Some interesting dynamic soil-structure interaction issues are identified and discussed.
Offshore wind turbines are currently considered as a reliable source of renewable energy in the UK. These structures, owing to their slender nature, are dynamically sensitive at low frequencies, the first modal frequency of the system (less than 1 Hz) being very close to that of the excitation frequencies. The majority of operational offshore wind turbines situated in UK waters are founded on monopiles in water depths up to 30 m. For future development rounds where water depths are up to 70 m, alternative foundation arrangements are needed. To date there have been no long-term observations of the performance of these relatively novel structures. Monitoring of a limited number of offshore wind turbines has indicated a departure of the system dynamics from the design requirements.
This paper summarises the results from a series of 1:100 scale tests of a V120 Vestas turbine supported on two types of foundation: monopiles and tetrapod suction caissons. The test bed used consisted of kaolin clay and sand. Up to 1 . 25 million loading cycles were applied to the scaled model, and the dynamic properties of the system were monitored. The results provide an insight into the long-term performance. Some interesting dynamic soil-structure interaction issues are identified and discussed.
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Introduction
With the current demand for clean 'green energy' there are very strong economic incentives to construct offshore wind farms. The rate of expansion of offshore wind energy is soon predicted to outstrip even levels seen during the heyday of the offshore oil and gas industry, and as a result substantial effort has been put into research and development. The UK offshore wind sector has been steadily expanding under the direction of the government. So far, planning has been conducted in so-called 'rounds'. Each of these rounds has allowed applications to be submitted for a number of wind farms in the coastal waters surrounding the UK; applications for the third round have recently been completed.
(a) Round 1. The first round of offshore development saw the submission of 12 proposals for offshore wind schemes, with output expected to be in the region of 1 . 4 GW. For these schemes the water depths are never greater than 20 m, and no site is further than 13 km from the shore. All sites, with one exception, make use of monopile foundations. (b) Round 2. The second round contains some 14 sites, plus their associated expansions (recent additions). Output is expected to be 7 . 3 GW. Round 2 sites are situated in more adverse water conditions with a maximum depth of 37 m, with the furthest site being 40 km from shore. As with the round 1 turbines, the water is sufficiently shallow that most of the foundations have been designed as monopiles. (c) Round 3. The third round represents a large expansion in Britain's renewable energy sector, with a total output estimated to be in the region of 21 GW. Water depths are expected to range up to 70 m, and some sites are located up to 210 km offshore. For such developments in deep water alternative foundation arrangements are required, as monopile structures start to become uneconomical, owing to the size of pile required. As part of the Carbon Trust's Offshore Wind Accelerator various alternative arrangements have been proposed, such as four-legged jackets, tripods, gravity foundations, floating platforms and suction caissons. As most round 3 sites are still in the design stages, the foundation arrangements are unknown; however, it is expected that monopiles will no longer be sufficient.
Aim and scope of the paper
With each successive round of offshore wind farm expansion, the trend has been for developments to be in regions further offshore, in areas where the water depth is greater. This presents some unique engineering challenges, as the dynamic behaviour of these structures will be heavily dependent upon foundation type selection and soil conditions at the site. The aim of the paper is therefore to (a) highlight the design issues related to dynamic soil-structure interaction of offshore wind turbines (b) summarise the preliminary test results obtained from a 1:100 scale model wind turbine supported on two types of foundation: (a) monopile; (b) tetrapod suction caisson. The tests were carried out in BLADE (Bristol Laboratory for Advanced Dynamics Engineering) where dynamic soilstructure interaction characteristics were explored.
Dynamic considerations for designing offshore wind turbines
Offshore wind turbines are particularly sensitive to dynamic loading conditions because of the combination of the slender structural nature of the turbine and the wide range of cyclic loads to which the turbine is subjected. Figure 1 shows a summary of the typical forcing frequencies applied to a Vestas V120 4 . 5 MW wind turbine system: the 1P frequency signifies the rotational frequency of the turbine, and the 3P frequency signifies the blade-passing frequency. The 3P frequency results from shadowing effects of the blade on the tower caused by a drop in the upstream wind velocity in the vicinity of the tower as each of the three blades passes in front of the tower. An example of the dynamic wind loading is also shown in Figure 1 , utilising the Frøya wind spectrum (Andersen and Løvseth, 2006) . In addition, the dynamic wave loads are modelled using the Pierson and Moskowitz (1964) spectrum, which is considered appropriate for UK North Sea locations. In order for turbines to remain unconditionally stable, and avoid unplanned resonance effects, they have to be designed in such a way that the magnitude of the dynamic load applied to them can be minimised.
To do this, one of three design methods can be used to place the first modal (natural) frequency of the system (structure-foundation Figure 1 . Typically, most turbines supported on monopiles are designed to be 'soft-stiff', as the support structure (foundation and transition piece) can have a greater flexibility, reducing the costs associated with the additional material required. The frequencies of particular interest are those in the region from 0 . 01 Hz to 1 Hz, as this is the region within which the first modal frequency of a wind turbine will lie. As discussed, within this critical band various exciting forces exist, which makes the system dynamically sensitive. Table 1 summarises the first natural frequencies of five offshore wind turbines, either operational or currently being built. If the values of the natural frequency of the wind turbine system are compared with Figure 1 , it becomes very apparent that these structures are potentially very dynamically sensitive.
Monitoring of a limited number of installed wind turbines has indicated a departure of the overall system dynamics from the design assumptions. For example, at Lely (Netherlands), the natural frequency following 6 months of operation was 0 . 63 Hz, compared with a design frequency of 0 . 41 Hz (Kühn, 2000; Zaaijer, 2006) . From Figure 1 , it is clear that any shift of the natural frequency of the system may coincide with the forcing frequencies, causing unplanned resonance effects and leading to rapid wear and tear of the onboard machinery and enhanced deflections. In extreme cases, this may lead to failure. So far, no explanation has been offered for such a change in the structural natural frequency; however, theories relating to cyclic strain accumulation (sandy soil) and pore water accumulation (clay) have been proposed. As turbines increase in size and power, so do the associated loads. In order to maintain serviceability limits, the dynamic soil-structure interactions need to be quantified; at present these issues are not well understood.
Long-term performance of monopilesupported wind turbines
In order to understand the effects of long-term cyclic loading on a monopile-supported wind turbine, a series of 1:100 scale model tests were conducted. Scaling laws were derived so that the test results can be plotted using non-dimensional groups, which can later be scaled up to a full-size prototype system. These scaling laws are listed in Table 2 ; details of their derivation can be found in Bhattacharya et al. (2011) . Despite the scientific rigour, the experimental investigation had some limitations: only a homogeneous isotropic medium was considered at this stage; the soil stiffness was low, and was based on maintaining a representative strain field alone; the dynamic load case considered only mean operational conditions; and damping was not considered in detail.
Figure 2(a) shows a schematic diagram of the wind turbine supported on a monopile, and Table 3 details the wind turbine model parameters. To provide an initial reference point, the fixed base frequency of the turbine was assessed; this was accomplished by clamping the bottom of the tower to a rigid bench, and conducting a snap-back test. The fixed base frequency was measured to be around 10 . 27 Hz. To test whether the natural frequency changed over time, the turbine system was carefully installed in the soil test bed (detailed below), and the dynamic properties of the model were then assessed by a snap-back test. The system was then subjected to a period of representative dynamic loading: the load was applied using an actuator (replicat- ing 3P loading) and a motor turning the turbine blades (replicating 1P loading). This loading regime was applied for a particular time interval (or a certain number of cycles); the natural frequency was then re-measured by conducting a snap-back test. During this snap-back test, the actuator was disconnected from the tower, and the tower was given a small impulse displacement; the resulting acceleration decay of the system was recorded.
The tests were carried out in dry sand, saturated sand, and soft overconsolidated kaolin clay. Details of the sample preparation, set-up and testing procedure can be found in Bhattacharya et al. (2011) . A sensitivity study was carried out with three different forcing frequencies (3P loading denoted by f f in Table 2 ) of 2 Hz, 20 Hz and 125 Hz, applied by the electro-dynamic actuator. The dynamic influence of these frequencies is illustrated in Figure 3 . The 1P frequency of 0 . 66 Hz representing the rotor frequency was applied by an electric motor powered by a DC supply. Figure 4 shows data from a typical snap-back test obtained from the monopile-supported wind turbine founded in sand. The test results are plotted in the frequency domain using the Welch (1967) method. The system has a dominant frequency of about 3 . 3 Hz; the foundation provides significant flexibility to the wind turbine system, which had a fixed base frequency of 10 . 27 Hz. The f f /f n ratio was varied between 0 . 6 and 44 in the series of model tests.
In a series of additional tests, the stiffness of the foundation alone under cyclic loading was also measured, utilising the set-up shown in Figure 2 (b) with the superstructure not attached to the foundation. The pile was subjected to 5000 cycles of loading, and then a pushover force was applied to obtain a load-displacement relationship. The tests were repeated after 10 000 cycles, and the new stiffness was compared with the initial static stiffness. These tests were carried out to verify whether or not the change in foundation stiffness alone would be adequate to predict the change in natural frequency of the system.
The following summarises the main conclusions.
(a) Wind turbines founded in sands (both dry and saturated) exhibited near-field soil stiffening, resulting in an increase in frequency, possibly as a result of densification. The results in sand are very similar to the observations carried out by Leblanc et al. (2010) on a cyclically loaded pile, where it was observed that, as a result of cyclic loading, the stiffness of the monopile increased. In comparison, when founded in clay ( Figure 5 ), the foundation degraded, causing a reduction in the frequency with the number of cycles. This frequency drop appears to be a function of the soil strain level (P/GD 2 ) and the number of loading cycles. (b) Under certain conditions, cyclic loading may have a negative effect on monopile-supported wind turbines founded in clayey soil, as the foundation stiffness and system natural frequency will exhibit a continued decrease over time. The conditions under which such degradation will occur relate to functions of: (i) strain level in the soil imposed by the monopile; and (ii) the f f /f n parameter, the relative value of the system frequency in comparison with the forcing frequency. (c) From the test results obtained, it can be seen that the greater the strain level in the soil (the (P/GD 2 ) term in Table 2 ), the greater is the degradation observed. As a result, in practice, large-diameter piles present a better solution than smalldiameter piles. For example, for a particular ground condition (fixed shear modulus G) and a particular turbine at a site where the total lateral load (P) is constant, the larger the monopile diameter, the lower is the strain level, and consequently the lower is the degradation. (d ) Using the pile-head displacement test results (presented in Figure 6 ), a prediction of the frequency change of the overall system was made. For the purposes of numerical analysis, the foundation can be replaced by three springs, as shown in Figure 7 : K L (lateral spring); K R (rotational spring) and K V (vertical spring) Bhattacharya, 2011, 2012 This foundation spring analogy model is currently being used in industry-standard software such as Bladed (2008) . Table 4 shows the prediction of the system frequency based on the results obtained from the pile-head displacement tests (considering the monopile alone), and compares this with the observed values of the system frequency under similar cycles of loading. From the data presented in Table 4 it can be seen that the mathematical model based on the foundation stiffness degradation alone overpredicts the measured frequency change of the system, indicating that the foundation-only degradation model cannot fully capture the dynamic soilstructure interaction effects. This may be due to the lack of feedback mechanisms between superstructure and the foundations, such as damping. Further to this, it may be inferred that the dynamic response of the system is nonlinear. Further study is required to characterise these aspects.
Long-term performance of wind turbines supported by tetrapod suction caissons
Suction caissons have been widely used in the oil and gas industry for both jack-up and permanent platforms, such as the SPT/Heerema Centrica and Draupner E platforms (Ibsen and Brincker, 2004) . Suction caissons have the significant advantage over conventional foundations of being quick to install and easy to remove. A suction caisson is effectively an upturned bucket embedded in the seabed, initially by its self-weight and subsequently by an induced negative pressure inside the caisson, drawing it into the seabed. Bye et al. (1995) first proposed the use of suction caissons as foundations for offshore wind turbines. So far, only a single wind turbine has been constructed on a single suction caisson; this was sited at Fredrickshaven, and is the property of Aalborg University. At present, information is limited, as it is the focus of ongoing research (Houlsby et al., 2005) .
Using the derived scaling laws, a 1:100 scale model of an offshore wind turbine supported by a tetrapod suction caisson was created. For the purposes of design it was assumed that a Vestas V120 4 . 5 MW turbine would be modelled (representing the larger type of turbine that would be used in round 3 of offshore wind expansion). The model caissons were 7 . 4 cm in diameter and 5 . 5 cm deep, and were spaced 40 cm apart in orthogonal directions; this design was based upon design recommendations by Byrne and Houlsby (2003) (Figures 8(a) , 8(b) and 9). In order to test the long-term dynamic response of the suction caissons, the model was founded in a representative sand matrix with properties as described in Table 5 . However, the installation of the foundation was not studied.
For this series of tests two types of sand were used, as follows.
(a) Leighton Buzzard fraction E (LED) sand (uniform graded fine silica sand having D 50 of 0 . 14 mm) poured to 28% relative density. The average shear modulus of the soil at the mid-depth of the foundation is estimated to be 4 . 3 MPa. D 50-Fraction-E % 6) was considered beneficial for an increase of packing when the two types of particles were mixed together. The fine particles were expected to fill the voids efficiently in the large-particle matrix. The mass composition corresponding to the theoretical maximum packing density of the mixture was calculated according to a classic model of packing (German, 1989) , resulting in X FractionB :X FractionE ¼ 85:15. The sand mix had an approximate relative density of 2%, and the average shear modulus at the mid-depth of the foundation was estimated to be about 6 . 6 MPa.
The shear modulus of the two sand specimens was calculated using the method proposed by Hardin and Drnevich (1972) . These calculated values matched within 10% of the shear modulus measurements carried out on this specimen in the Blade laboratories during the Reluis project; see Dihoru et al. (2010) . The test bed was prepared by standard air-pluviation of the sand, after which the model was carefully installed under a steady vertical load. The model was then subjected to the testing regime described previously. Figure 10 shows a typical frequency response of the wind turbine system supported on a tetrapod foundation (Figure 8(b) ). The plot reveals a distinct difference when compared with the similar response from a monopile (Figure 4 ), in that two closely spaced response peaks were observed. The two closely spaced natural frequencies correspond to modes of tower vibration in orthogonal For kaolin clay, shear modulus G was measured as 6 MPa using bender elements Details of the sands are given in Table 5   Table 3 . Details of model wind turbine The change in natural frequency of the system due to cyclic loading is shown in Figure 11 for two types of soil for a constant 
ϭ Figure 6 . Foundation stiffness degradation in clay (F/GD 2 ), which corresponds to a particular strain level very similar to the parameter (P/GD 2 ) for monopiles. The definition of (F/GD 2 ) is given in Figure 12 , where F is the net foundation shear load -that is, the total lateral load acting on the wind turbine due to wind, wave and current (this parameter can also be used for scaling the strain field produced by the vertical load, but owing to the complex nature of load distribution this was neglected). While plotting the data in Figure 11 , the lower of the two peaks in the frequency domain was used, as this represents the first natural frequency of the structure (see Figure 10 ). Figure   11 shows the results of five tests carried out on dry fraction E sand in which up to 1 . 2 million cycles were imposed, and three tests carried on a mixture of fraction B and fraction E for the same period. The large gap in the results (between 0 . 5 million cycles and 1 . 05 million cycles) corresponds to a weekend break in recording results. The smaller interval in the data represents the overnight period when the snap-back test could not be conducted.
The test results suggest that the natural frequency of a wind turbine founded on suction caissons has the potential to change over time when it is subjected to cyclic loading. From the results obtained, the change in natural frequency follows a non-linear relationship, first increasing and later stabilising. The sand sample with a lower initial relative density (LED) showed a greater densification response; this is probably because it had a greater contraction potential. Following the initial increase in natural frequency, the latter apparent decrease could be attributed to the sand dilating in accordance with critical-state behaviour.
Discussion and conclusion
Offshore wind turbines are relatively new structures, the first one built in UK waters being at North Hoyle (2001). Very little is known about the long-term behaviour of these structures, but it has become apparent that soil-structure interaction is changing the dynamic behaviour of the structures over relatively short time spans. In an extreme case this could lead to the structure becoming unusable.
Considering these factors, the following conclusions can be drawn from the experimental study.
(a) Offshore wind turbines are dynamically sensitive structures, because the natural frequency of the overall system is very close to the forcing frequencies. The choice of foundation type and design alters the overall system frequency. The soil foundation makes the wind turbine system more flexible than the turbine tower would otherwise be on its own. (b) Tetrapod foundations, in comparison with monopile or monopod foundations, enhance the complexity of the dynamic response of the overall system. This increased complexity is due to the width of the dynamically critical zone and the existence of two response peaks, a result of the 
